Atomic and molecular (bond) properties of a set of homo-(H2, N2, O2, F2, and Cl2) and hetero-diatomic (HF, HCl, CO, and NO) molecules under intense external electric fields are studied in the context of quantum theory of atoms in molecules (QTAIM). Field-effects on basic QTAIM properties are elucidated. Atomic charges and energies are found to be linearly correlated with the field strengths within the studied range of field intensities, but some molecular properties that depend on polarizability exhibit non-linear responses to the imposed fields. The electron density distribution responds to the imposed fields altering the shape and location of the zero-flux surfaces, atomic volumes, atomic electron population, and localization/delocalization indices. The external fields also perturb the covalent-polar-ionic characteristic of the studied chemical bonds. The topography and topology of the molecular electrostatic potential is dramatically changed under the influence of an external field. All the changes induced in response to external fields are well-rationalized within the framework of the quantum theory of atoms in molecules and form a coherent conceptual framework to understand these effects in prototypical molecules such as these diatomics.
Introduction
Intense electric fields are ubiquitous in the microenvironments of molecules from enzyme active sites to nano-circuitry and scanning tunneling microscopy (STM). Fields of magnitudes in the range of 10 8 to 10 9 V.m -1 are commonly found in the active sites of enzymes and are, for example, instrumental to their catalytic functions [1] [2] [3] [4] [5] [6] [7] [8] [9] . Changes in these fields upon mutating an amino acid residue can be monitored through vibrational Stark shifts of small host molecules such as carbon monoxide attached to the iron of the porphyrin ring in myoglobin 10 or nitrilecontaining substrates in the active site of human aldose reductase enzyme (hALR2) 11, 12 . Accurate modeling of electric fields in the active site cavity of an enzyme such as hALR2 is a prerequisite for accurate prediction of mutation-induced Stark shift [13] [14] [15] . Due its neighbors, a molecule in a molecular crystal can be exposed to fields of similar strengths and reaching as high as ~10 10 V.m -1 16 . External electric fields of strengths 10 9 V.m -1 and higher can significantly alter the topography of potential energy surfaces (PES) [1] [2] [3] [4] [5] [6] [7] [8] [9] , molecular charge density distributions 17, 18 and equilibrium bond lengths as well as vibrational frequencies, see, e.g., Refs. 19, 20 and references therein. These changes can be manifested in such diverse manners including, for instance, enhancements in probabilities of particular reaction paths 3 , changes in the rates of hydrogen transfer reactions 21 , changes in the energetics of H2 formation at the active sites of [FeFe] hydrogenases 22 , controlling isomerization and molecular switches [23] [24] [25] [26] or improve the performance of switch by weakening hydrogen bonds 27 , and some uncommon reactions 28 . Such electric fields can also accelerate photosynthetic reactions [29] [30] [31] and decrease the enzymatic activity of cytochrome c oxidase 32 . Being able to control fieldinduced modulations of the PES opens the way to enhancing the loading and unloading of hydrogen on a nano-sheet with the goal of developing field enhanced hydrogen storage technology 33, 34 . A few years ago, a field-perturbed Morse potential was proposed to model simultaneously the equilibrium bond lengths and the vibrational Stark shifts of diatomic molecules in the presence of a field 20 . It uses the corresponding values of the field-free system and the characteristics of the field without the explicit solution of the Hamiltonian that contains the term for the field. The vibrational frequencies and bond lengths obtained from the direct brute force calculations that include the field explicitly in the Hamiltonian agree well with the results obtained from the field-perturbed model 20 . In this previous study, several molecular response properties (total energies, bond lengths, harmonic vibrational energies, and the molecular dipole moment) have been investigated under fields varying in strengths from 5.14×10 8 to 5.14×10 10 V.m -1 , that were determined to be insufficient to tunnel ionize these molecules within the time scale of the fastest molecular vibrations. This previous study considered nine diatomic molecules, five homo-nuclear diatomics ranging from small to high polarizabilities (H2, N2, O2, F2, and Cl2) and four hetero-nuclear diatomic molecules with a range of permanent dipole moment strengths and polarizabilities (CO, HF, NO, and HCl) 20 . In the present work, the same molecular set and calculations are used but with a focus on the atomic properties as they respond to the changing external field strengths and directions. More specifically, the present paper examines the effects of external uniform time-independent electric fields on some common bond and atomic properties defined within Bader's quantum theory of atoms in molecules (QTAIM) [35] [36] [37] [38] for these nine common diatomic molecules.
Computational Details
Only a brief recap of the computational method is given here since this has been described elsewhere 20 . All molecules are modelled in their electronic ground for these molecules, taken from our previous study 20 , are obtained in the quadratic configuration interaction with single and double excitations (QCISD) 39 in conjunction with the Pople-type basis set 6-311++G(3df,2pd) level of theory (unrestricted formulation is used for open-shell). Electronic structure calculations and geometry optimizations were performed using Gaussian 09 40 . Electric fields were imposed on the molecules in both a parallel and an antiparallel direction with respect to their inter-nuclear axis. When applicable, the least electronegative atom is placed at the origin and the second atom in the positive side of the z-axis (Figure 1 ; the same coordinate system and orientations as in Ref. 20 ). The externally applied fields (all being uniform and time-invariant of a strength of 1.0310 10 V.m -1 = 2.010 -2 atomic units (a.u.) unless stated otherwise) are either directed positively along the z-direction (E+ or + E ) or in the opposite direction (E-or − E ). Dipole moment vectors are oriented according to the "physicist's convention" 41, 42 , originating at the negative pole and pointing to the positive pole. As per the usual convention, positive charges are the sources of electric fields and negative charges are sinks (Gaussian 09 uses the opposite convention; see Figure 1 ). The QCISD/6-311++G(3df,2pd) wave functions were subjected to a QTAIM analysis using the AIMAll software 43 and the resulting densities displayed using the associated graphical interface AIMStudio 43 . The sum of the virial atomic energies and the energies calculated directly agree to within an average absolute deviation of 0.01±0.03 kcal.mol −1 for the nine studied diatomic molecules with a maximum deviation of 0.09 kcal.mol −1 for CO. The table lists values under the strongest fields in the two opposite directions in the first and third row and the field-free value is in the middle row. For every molecule, the properties investigated as a function of the field include the total energy (E), equilibrium bond length (inter-nuclear separation (R)), harmonic vibrational frequency (ν), electron density at the bond critical point (b), and the delocalization index between the two atoms forming the diatomic ((,')). Since for homo-nuclear diatomic molecules the two field directions are equivalent, the fields are assigned a positive sign. Table 1 shows that all homo-nuclear diatomic molecules are more stable in the presence of a field. Hetero-nuclear diatomic molecules with strong permanent dipole moment (HF and HCl) become more stable only in the parallel external field while those with weak permanent dipole moments (CO and NO) are stabilized in both orientations. These observations have already been explained elsewhere 20 , but for completeness a brief explanation is provided in the next paragraph.
Results and Discussion

3.1.
Some Molecular Effects of External Electric Fields
All homo-nuclear diatomic molecules become increasingly stabilized upon increasing electric fields with a quadratic dependence on the field strength (with Cl2 exhibiting the largest relative stabilization). This is expected from the form of the expression for the field-induced change in the total energy for co-linear fields (E):
where E0, μ0, and //0 are, respectively, the field-free energy, permanent dipole moment, and the field-free parallel polarizability tensor component. The dipole term assumes a negative sign for parallel fields and a positive sign for an antiparallel field. The subscript "0" indicates a field-free quantity, while the subscript "E" denotes that a quantity is calculated in the presence of an external field. For a homo-nuclear diatomic molecule the first term in the last R.H.S. of Eq. (1) vanishes leaving only the negative (hence always stabilizing) quadratic term weighted by polarizability. Since Cl2 is the most polarizable molecule in the set, it is the one exhibiting the most pronounced field-effect stabilization.
In the case of hetero-nuclear diatomic molecules, the behavior depends on the relative weights of the dipolar (µ) and polarizability (α) terms in Eq. (1) . Thus, expressing all following dipole moments in debyes and polarizabilities in Å 3 , a molecule with a relatively large dipole moment and low polarizability, such as HF (μ0 = -1.8358 calc. ). Their behavior approaches that of homo-nuclear diatomic molecules since in these cases the second term in Eq. (1) is dominant (see Ref. 20 ). Molecules such as HCl exhibit a turning point since its curve reaches a maximum for antiparallel (positive) fields before the negative polarizability term starts to dominate 20 . The changes in the electron density at the bond critical point (BCP) induced by the external field, ∆ b , for the nine diatomics are expressed numerically for the strongest field considered in this study in Table  1 and as a function of field strength and direction in Figure 2 . Figure 2 shows that changes in b are in the opposite direction to the changes in the bond lengths. It is not possible to decouple the direct effect of the field on the electron density at the BCP from the indirect effect through elongating the bond. In order to achieve this decoupling, one needs another set of calculations with varying field strengths but using a frozen field-free geometry, which is beyond the scope of the present study. The homo-nuclear molecule that exhibits the strongest response (deviating the most from linearity) with the field strength is Cl2, while those that show the minimum and the maximum deviations from linearity in their response to the field in the hetero-nuclear set are, respectively, HF and HCl. Figure 3 . Hence, it is expected to slightly perturb the density, but this slight perturbation is amplified energetically through the quadratic term in Eq. (1), especially when a change (rather than the absolute value) in energy is important as in the case of the change in reaction energy barriers 18, 21, 44, 45 . The perturbing effect of this field on the electron density distribution of H2 can be seen from Figure 3 . This figure reveals that (i) the Bader zeroflux H|H interatomic surface of H 2 is slightly curvedconcave toward the negative pole of the external field and convex toward the positive pole, and that (ii) the electron density contours are compressed (less diffuse) facing the negative pole and more diffuse facing the positive plate as can be judged by the respective extension of a given contour from the closest nucleus to it or from the BCP. To facilitate this comparison, an arrow is drawn from the bond critical point along the bond axis to the outermost contour (the ρ = 0.001 a.u. contour) from the side facing the negative plate (the right side). The same arrow displaced to the left can only reach the ρ = 0.002 a.u. contour, the 0.001 a.u. contour being visibly more diffuse.
3.2.
Effects of External Electric fields on the Electron Density and the Molecular Electrostatic Potential (MESP)
The shift in electron population to the hydrogen basin in the left of Figure 3 (the negatively charged atom) and its more diffuse distribution lead to an increase in its volume (from 59.0 a.u. in the fieldfree H2 to 65.5 a.u.), while the atom to the right that loses an equal amount of its electron population shrinks in volume to 54.7 a.u. These drastic changes in atomic volumes in opposite directions cancel to a large extent when summed to yield the molecular value. Thus, the external field changes the volume of the H2 molecule from 118.0 a.u. to 120.2 a.u. (= 65.5 + 54.7 a.u.), that is, expands the molecular volume by 2.2 a.u. despite the large inter-atomic reorganization of electron populations and volumes of atomic basins.
The H−H bond length is stretched in the field by about 0.0019 Å with an accompanying substantial and opposite changes in the two bonded radii. The bonded radius in the field-free H2 molecule is half of the bond length, that is, 0.7446/2 = 0.3713 Å. The bonded radius of the hydrogen atom facing the negative pole (the positively charged H to the right of Figure 3 ) is compressed to 0.3633 Å and that of the negatively charged H atom extended to 0.3813 Å. As can be seen from Table 2 , and with the exception of O2, the changes in the bonded radii for the other homonuclear diatomic molecules are qualitatively similar, i.e., the bonded radius of the negatively charged atom lengthens while that of the positively charged atom shortens. For O2, however, both bonded radii lengthen under the field, but more so for the negatively-charged atom (Table 2 ). These observations mean that the interatomic surface is pulled closer to the nucleus of the positive atoms and further away from the negative one. In other words, the zero-flux inter-atomic surface appears to be attracted by the negative pole of the external field, or said differently, is convex with respect to the direction of the external field.
No such a clear pattern emerges from the examination of hetero-nuclear diatomic molecules, except that the density toward the positive plate is more diffuse than in the field-free case and, to the contrary, the density of the atom facing the negative plate is compacted. These effects can be seen by the superimposition of the electron density contour lines and their associated gradient vector field lines of the most polarizable hetero-diatomic, HCl, in the presence of two opposing fields of equal magnitudes (Figure 4) .
External fields alter both the geometry (the set of nuclear positions Ri) and the electron density, which are, of course, coupled through the HellmanFeynman theorem 46, 47 . The molecular electrostatic potential (MESP) in terms of the point-like nuclei and continuous electron density distribution can be written for a diatomic (in a.u.) as
where whenever Ri = r, one eliminates the corresponding term of the first two. The effect of an external electric field on the electrostatic potential of a diatomic at point r in space is mediated through its effects on the three terms in Eq. (2). The external field of strength equal to 1.03×10 10 V.m −1 has a marked effect on the shape of the MESP. This effect is shown in Figure 5 with the highly polarizable homonuclear diatomic Cl2 taken as an example. The figure compares the MESP of an unperturbed Cl2 molecule and one subjected to a perturbing field directed from left to right. The field changes both the topography and the topology of the MESP, as can be seen from the figure.
First, the field-free cylindrical symmetry is distorted into a conical one in the field-perturbed MESP as can be seen by comparing the shapes of the contours of parts (a) and (b) of Figure 5 . Second, the topology is altered: In Figure 5 (a) one can distinguish two tori of negative MESP circling each Cl nucleus and two collinear mirror image σ-holes 49 of positive electrostatic potential collinear with the inter-nuclear axis. The two tori of negative MESP each possess cylindrical symmetry and are mirror images of each other through a plane bisecting the bond perpendicularly. The field-distorted system of nuclear and electronic charges gives rise to an MESP that has a conical shape with only one torus of negative MESP surrounding the negatively charged chlorine atom. These distortions in the MESP alter the preferred paths of approach of this molecule and a charged reactant.
Localization and Delocalization Indices under External Fields
The QTAIM localization (LI) and delocalization (DI) indices (respectively, LIs or Λ(Ω), and DI or δ(Ω, Ωʹ)) are important descriptors that capture the electronic structure of a molecule 50, 51 . The localization index accounts for the number of localized electrons within a given atomic basin whereas the delocalization index provides the number of shared electrons between two atoms. The two indices are not independent since they are related by the expression 35 , 50-53
in which N(Ωi) is the total average electron population of atom Ωi which can be obtained either via the first equality or, independently, by directly integrating the electron density over the volume of the atomic basin by the last equality. The atomic charges are then obtained from
where i Z  is the atomic number. Figure 6 displays the change in the delocalization index as a function of the external field. As is seen, the changes in DI follow the general trends of the response of ρb to the field (Figure 2 ) but neither with the same relative magnitude nor with the same ordering between different molecules. Since the range of changes in ρb values is small, the empirical exponential dependence of the delocalization density on the electron density 54 observed with a larger range of variation is not seen here. Instead, all five studied homo-nuclear diatomic molecules exhibit a linear correlation of Δδ(Ω, Ωʹ) and Δρb with r 2 = 1.000 (H2, N2, and Cl2) and r 2 = 0.999 (O2 and F2). The dependence of Δδ(Ω, Ωʹ) on Δρb for the hetero-nuclear diatomic molecules exhibit qualitatively similar general tends except for HCl. Thus, the squared linear regression coefficients r Since Δδ constantly changes in the same direction with the field for both homo-or heterodiatomic molecules (Figure 6 ), we base the following discussion on the results obtained with respect to the most extreme field intensity (1.03×10 10 V.m −1 ). For homo-diatomic molecules, Ω(1) (on the + side of the plate) gains electronic charge and a more localized electron population is being attracted by the positive pole of the field in that basin and consequently exhibit ∆Λ(Ω(1)) > 0. This rise in electron localization in the negatively charged atom comes at the expense of the localization of the positively charged atom which experiences a loss of electron localization under the effect of the external field, i.e., the localization index decreases for Ω(2) (or, ∆Λ(Ω(2)) < 0).
Interestingly, the increase in localization for Ω(1) is larger than the decrease for Ω(2) leading to a net negative change in DI for a homo-diatomic molecule ( Figure 7) . The field-induced charge separation in homonuclear diatomics thus reduces electron sharing between the two atoms. This can be described as decreasing the covalent nature of the bond accompanying the introduction of some polar-toionic character.
We use HF as an example for hetero-diatomic molecules, since all studied molecules exhibit qualitatively similar field-response with respect to electron localization and delocalization. The antiparallel electric field (left half of the plot) slowly increases electron localization on the hydrogen basin while it rapidly decreases localization for the fluorine basin ( Figure 7) . Under a parallel electric field (the left half of the plot in the left-middle panel of Figure 7 ), electrons become dramatically more localized in the fluorine basin and simultaneously less localized (but to a much slower degree) in the basin of the hydrogen atom. Similar to a homo-diatomic, the difference between the sum of atomic localization indices under the field and in the field-free case is reflected in the change observed in DI for the molecule (Figure 6) . Thus, a H-F bond "becomes more covalent" with an increase in electron delocalization in an anti-parallel electric field and it becomes more polar in a parallel field.
Atomic Charges and Atomic Virial Energies in External Fields
Regardless of the molecule type, the changes in atomic charges and atomic energies closely relate to the changes observed in the localization index. Specifically, larger localization is correlated with larger atomic energy and larger absolute value of atomic charge. Thus, for a homo-diatomic, applying an external electric field destabilizes the atom bearing an induced positive charge (Ω(1)) (i.e. the energy of that atom is less negative that in the field-free case) as it loses charge density, while the field has opposite effects on the atom with an induced negative charge, that is, Ω(2) which is stabilized by the field (Figure 8 ).
For homo-diatomic molecules, the decrease (stabilizing effect) in the atomic energy of one atom is larger than the increase (destabilizing effect) for the other, and thus the total energy of the molecule decreases (gets stabilized) as has been previously discussed 20 . Thus, an electric field applied on the D∞h axis of a homo-diatomic molecule always stabilizes the molecule.
In the case of hetero-diatomic molecules (Figure 9) , and following the changes in LIs and atomic energies, antiparallel fields destabilize HF and HCl and stabilize CO and NO. As was discussed above for HF, the decrease in electron localization on the fluorine basin as a result of the anti-parallel external electric field destabilizes the F atom, while the H basin is stabilized. Similar observations equally apply for HF and HCl as can be seen from the figure. In the case of CO and NO, the oxygen atom plays the role of the halogen and carbon or nitrogen the role of the hydrogen in the hydrogen halides.
Another atomic property related to the atomic energy is the atomic electron population. Figure 9 compares the change in the atomic energy of heterodiatomics and the corresponding electron population of the atomic basins with the external electric field. As is seen, electron population in an atomic basin directly relates to the atomic energy, i.e., the larger the population, the more negative the energy (more stable is the atomic basin) and a loss of population is accompanied with a decrease in stability (lesser negative atomic energy).
Conclusions
The effects of external electric fields on molecular, atomic, and bond properties of homo-and heteronuclear diatomic molecules have been elucidated. The results show that depending on the molecule and direction of the external field, electric fields can alter the ionic/covalent characteristics of the chemical bonds. The uniform electron distribution of homodiatomic molecules is perturbed by external electric fields which leads to charge separation imparting a polar character and a reduced covalent nature of the bond. The change in the chemical bond character under external electric fields is characterized by the decrease in the electron density at BCP, a marked curvature of the zero-flux interatomic surface, a change in the atomic volumes, atomic energies, atomic populations, and descriptors of electron localization and delocalization. Electric fields are found to always stabilize homo-diatomic molecules (as anticipated from Eq. (1)). However, hetero-nuclear diatomic molecules may be stabilized or destabilized depending on the direction (parallel or anti-parallel) of the field.
Atomic properties, i.e., atomic energy, atomic electron population, and localization index show a linear dependence on the external electric field strength, which make it possible to model and predict their behavior in a given field (within the studied range of linear behavior). On the other hand, correlations of molecular indices such as electron density at the bond critical point, bond length, and vibrational frequency (not discussed here, see Ref. 20 ) with the fields are nonlinear. The delocalization index is an exception and shows a linear correlation with the external field strength for homo-diatomics and a non-linear dependence for the hetero-diatomics.
The effects of electric fields on molecular and atomic properties arise from the redistribution of electrons and the distortion of the geometry (relative positions of the nuclei). This is reflected in the changes observed in the MESP, localization and delocalization indices, as well as in the atomic electron populations.
In closing, external electric field influence the charge distributions of atoms in molecules in a manner that can be understood with qualitative arguments. It is also shown that the overall molecular effects are the sum of subtle atomic-level effects that may add constructively or destructively depending on their nature.
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Figure 1
Orientation of the permanent dipole moment of hetero-nuclear diatomic molecules with respect to the coordinate system and an external electric field. The direction of the electric field (E) is positive in this figure, pointing to the positive z-direction. The arrows between the elemental symbols indicate the direction of the permanent (field-free) molecular dipole moment, in the "physicist convention", with the value of the dipole moment calculated at the QCISD level to two decimals in debyes (a  sign indicates a parallel/antiparallel orientation with respect to the field, respectively).
Figure 2
The change in the electron density at the bond critical point (BCP), Δρb (left), and the accompanying change in the bond length ΔBL (right), against the strength of the external electric field for homo-nuclear diatomics (top) and hetero-nuclear diatomics (bottom). 
Figure 6
Plots of the change in the electron delocalization index (DI), (Ω, Ωʹ), at the optimized geometry as a function of the electric field (E) strength (in V.m -1 ) for the homo-nuclear diatomics (top), and as a function of the field strength and direction for the hetero-nuclear diatomics (bottom). (Ω, Ωʹ) = (Ω, Ωʹ)E -(Ω, Ωʹ)0, where (Ω, Ωʹ)E is the DI in the field and (Ω,Ω')0 in the absence of external fields.
Figure 7
Plots of the change in the electron localization index (LI), Λ(Ω), at the optimized geometry as a function of the applied electric field (E) strength (in V.m -1 ) for the homo-nuclear diatomics (top), and as a function of the field strength and direction for the hetero-nuclear diatomics (middle and bottom). Λ(Ω) = Λ(Ω)E -Λ(Ω)0, where Λ(Ω)E is the LI in the field and Λ(Ω)0 in its absence.
Figure 8
Plots of the change in the QTAIM atomic energies, ΔE(Ω), as a function of the electric field (E) strength (in V.m -1 ) (left) and the accompanying changes in the atomic electron populations ΔN(Ω) (right) for the stabilized atoms (Ω2) of the homo-nuclear diatomics. P(Ω) = P(Ω)E -P(Ω)0, where P(Ω)E is the property (either E or N) of atom Ω in the field and P(Ω)0 in the absence of external fields. Since atomic energies are always negative, a destabilized atom exhibits E(Ω) > 0 and one that is more stable E(Ω) < 0, but an atom that gains electron population (i.e. is more negatively charged/less positively charged) exhibits N(Ω) > 0 and vice versa.
Figure 9
Plots of the change in the QTAIM atomic energies, ΔE(Ω), as a function of the electric field (E) strength (in V.m -1 ) (left) and the accompanying changes in the atomic electron populations ΔN(Ω) (right) for the hetero-nuclear diatomics. P(Ω) = P(Ω)E -P(Ω)0, where P(Ω)E is the property (either E or N) of atom Ω in the field and P(Ω)0 in the absence of external fields. Since atomic energies are always negative, a destabilized atom exhibits E(Ω) > 0 and one that is more stable E(Ω) < 0, but an electron that gains electron population (i.e. is more negatively charged/less positively charged) exhibits N(Ω) > 0 and vice versa. The inset at the top of each plot includes an arrow between the atomic symbols showing the direction of the permanent (field-free) dipole moment in the physicist convention while the inset at the top of each plot to the right is also labeled by the permanent QTAIM partial atomic changes in atomic units.
